Primordial black holes (PBHs) are a viable candidate for dark matter if the PBH masses are in the currently unconstrained "sublunar" mass range. We revisit the possibility that PBHs were produced by nucleation of false vacuum bubbles during inflation. We show that this scenario can produce a population of PBHs that simultaneously accounts for all dark matter, explains the candidate event in Subaru Hyper Suprime-Cam (HSC) data, and contains both heavy black holes as observed by LIGO and very heavy seeds of super-massive black holes. We demonstrate with numerical studies that future observations of HSC, as well as other optical surveys, such as LSST, will be able to provide a definitive test for this generic PBH formation mechanism if it is the dominant source of dark matter.
Primordial black holes (PBHs), formed in the early Universe prior to any galaxies and stars, are a viable candidate for dark matter (e.g. ). It has also been suggested that they could play a central role in a variety of astrophysical phenomena, such as progenitors [24] [25] [26] [27] [28] [29] [30] [31] for the LIGO gravitational wave events [32] [33] [34] , seeds for formation of super-massive black holes [25, 35, 36] as well as the source of new signals [31, 37, 38] from compact star disruptions from PBH capture, among others.
PBHs can form through a variety of mechanisms (see e.g. [5, 10] for review). While many models focus on inflationary perturbations as a source of PBHs, other formation mechanisms, such as cosmic string collapse [39, 40] , bubble collisions [41] , domain wall collapse [5, 40, 42] as well as scalar field fragmentation [8, 20, 23] can produce copious populations of PBHs. Depending on the formation time, resulting PBHs can span many orders of magnitude in mass. Those formed with mass above the Hawking evaporation limit of ∼ 10 15 g survive until present. The abundance of PBHs with larger masses have been constrained with astrophysical observations. On the other hand, recent re-analyses [43] [44] [45] of PBHs in the lower "sublunar" mass range range of ∼ 10 −16 −10 −10 M have established that there remains a sizable open parameter space window for PBHs to constitute all of the dark matter.
In this work we revisit a generic scenario of PBH formation from vacuum bubble nucleation during inflation [46] [47] [48] . We will show that the resulting broad mass function of PBHs can simultaneously account for all of the DM, the observed LIGO events, and also provide seeds for super-massive black holes (SMBHS). Furthermore, a candidate event from the Subaru Hyper Suprime-Cam (HSC) microlensing search [49] is consistent with this scenario. In particular, while the mass function of PBHs peaks at much smaller masses, where microlensing effect is negligible, the large-mass tail overlaps with the HSC sensitivity range, and it is consistent with detection of the reported candidate event [49] . Upcoming HSC observations and other optical surveys will be able to test vacuum bubble formation as the primary source of DM in the form of PBH.
We assume that inflation took place in the early universe. The energy density of the inflaton field ρ i evolves slowly during the slow-roll phase of inflation. In addition to the inflaton and the experimentally discovered Higgs boson, other scalar fields are likely to exist. Such fields appear in a number of models of new physics, including supersymmetry and string theory [50] . This naturally leads one to consider multi-field potential for the inflaton. If the multi-field potential has a local minimum with energy density ρ b close to the path of the inflaton, there is a possibility of tunneling to it via Coleman -De Luccia instanton [51] . Let us consider the case 0 < ρ b < ρ i . During the slow-roll phase, the false vacuum can be populated repeatedly in a series of bubbles, each of which has energy density ρ b in the interior. While these bubbles can expand, they do not percolate since the space outside the bubbles expands at a high rate.
Let us illustrate the qualitative features of a nearly constant bubble production over a period of slow-roll in- flation using a 2-field potential of the type
The potential, depicted in Fig. 1 , resembles a "Mexican hat" with a dent at the origin and a small tilt due to the shift-symmetric term sin(φ/f M pl ), which breaks the rotational symmetry in the σ − φ plane. Periodic contributions can naturally arise in inflationary models with axions, such as in axion monodromy inflation (see e.g. [52] for review). The tilt causes the scalar field to roll slowly along the rim of the "hat" and source inflation until it stops at the minimum. Since the dent in the middle of the "hat" sits at a deeper minimum for a sizable portion of the path than the slowrolling field separated by a barrier, the field can tunnel to this vacuum 1 . For a sufficiently small tilt, the bubble nucleation rate λ ∼ e −S E that depends on the Euclidian instanton bounce action for the vacuum tunneling S E is approximately constant and for specific model parameters can be computed from the bounce action using standard techniques [54] . The tunnelling rate becomes increasingly suppressed and effectively shuts off as the field rolls towards the portion of the tilted rim whose height is deeper than the minimum of the dent at the origin.
The resulting bubbles with the energy density ρ b = V (0, 0) in their interior have a radius smaller than the inflationary Hubble length H −1 i = (8πρ i /3) −1/2 at the 1 In de Sitter space, tunneling to a higher energy vacuum is also allowed, but the rate is suppressed [53] .
time of formation. They undergo rapid expansion until the energy density inside the bubble exceeds the energy in the exterior, which happens at some point before the end of inflation at time t i . After that, the bubble can collapse to a black hole. While for the outside observer the result of a bubble evolution is a black hole, the dynamics of the bubble interior depend on whether the bubble radius R exceeds
at all times, the bubble is sub-critical, and it will eventually collapse under the effects of vacuum pressure, wall tension and radiation pressure. Prior to thermalization, the energy of the region excluded by the bubble contains inflaton energy of
The mass of the resulting black hole is approximately the energy of the bubble [47] :
where σ is the bubble wall tension and the first and second term represent the bubble energy density and wall energy contributions, respectively. In the presence of plasma, the energy difference (E i − E b ) is transferred to outgoing shock wave powered by the radiation reflected from the bubble wall.
during inflation, the bubble is supercritical. In this case, the interior can support inflation driven by ρ b within de Sitter horizon of size H −1 b . This region is connected through a wormhole to the exterior of the bubble [47, [56] [57] [58] . Eventually, the link is broken and a separate "baby universe" is formed, leading to a multiverse structure [59] reminiscent of eternal inflation [60] . The region affected by the bubble, as seen by outside observer, cannot exceed the Hubble radius of the parent Universe t h = a(t h )R i , where a is the scale factor. In radiation-dominated era a = (t/t i ) 1/2 and t h = H i R 2 i . Numerical simulations confirm that the resulting black hole mass saturates this bound [47] 
The sub-critical relation, Eq. (2), does not apply when
At the end of inflation, the bubble sizes have a broad distribution depending on the formation time. The number density of the bubbles with radius ∼ R i is n(R i ) = λR −3 i , where λ is the dimensionless bubble nucleation rate per Hubble volume per Hubble time. Here we assume that variation of λ is small, and it is approximately constant for some some time during the slow-roll evolution of the inflaton. Using Eqs. (2) and (3) one can obtain the mass function of PBHs normalized to the DM density:
where ρ DM is the dark matter density, which scales as ρ DM (t) ∼ (Bt 3/2 M 1/2 eq ) −1 during radiation era t < t eq prior to matter-radiation equality, B ∼ 10 is a numerical coefficient, and M eq ∼ 10 17 M is the horizon mass at t eq . This results in a broad mass function [47] :
The distribution f (M ) has an effective lower cutoff at
At the lower end of the spectrum quantum fluctuations suppress black hole formation. The upper cut-off is very large and is set by
where N ∼ 60 is the number of e-folds of inflation during which the bubble nucleation takes place. We note that while above λ was approximated by a constant, in models with a potential of the form (1), the tunneling rate slowly varies, and, therefore, the cutoff in f (M ) is not a step-function, but a smooth function corresponding to the exponential suppression of tunneling ∼ e −S E . While Refs. [42, 47] focused on PBH formation in radiation-dominated era, it is possible and indeed likely that inflation is followed by an era of coherent oscillations of the inflaton, during which the expansion rate is the same as in a matter-dominated phase [46] . An intermediate matter dominated era can also be caused by moduli or spectator fields, or by a fragmentation of a scalar field into solitonic lumps [8, 9, 20, 23, 61] . While for sub-critical bubbles the results of Eq. (5) are not affected, PBHs from super-critical bubbles formed during this era exhibit a different mass scaling than that in Eq. (3). During the matter-dominated era a = (t/t i ) 2/3 and t h = H 2 i R 3 i , and, therefore, the black hole mass from super-critical bubbles scales as M ∼ R 3 i , instead of M ∼ R 2 i . We can now generalize the PBH mass function of Eq. (5) to
where M cr * denotes transition between super-and subcritical bubbles as before, while M 1 * and M 2 * denote the beginning and the end of the intermediate matterdominated phase. We display the resulting PBH mass spectrum in Fig. 2 . The above can be readily extended to include an arbitrary number of such radiation-matter transitions. Since the values of M min , M cr * , M 1 * , M 2 * and λ depend on the particle model, we take them as free parameters. The range of PBH masses is limited from above by the temperature of the latest reheating at the end of the last intermediate matter-dominated phase. One constraint is that the reheat temperature may not be lower than a few MeV for Big Bang nucleosynthesis to take place. Another potential constraint is imposed by baryon asymmetry of the Universe. In the scenario with a single radiation-dominated era, as in Eq. (5), baryogenesis can take place at a high temperature, as typically considered. On the other hand, when there is an intermediate matter-dominated era as in Eq. (7), the large PBH masses imply a low reheat temperature. To produce PBH masses of the order of the solar mass or larger, one must assume that the reheat temperature after the intermediate matter-dominated phase is as low as T r ∼ GeV. Any baryon asymmetry produced before the intermediate matter-dominated era will be diluted by a large factor 10 8 . A low-scale baryogenesis required in this case can occur via scalar curvaton field and Affleck-Dine mechanism [62, 63] , or late-decaying moduli (e.g. [64] [65] [66] ).
If the PBHs form during a radiation-dominated era, the expanding bubbles generate shock waves and sound waves. Their effects are not entirely dissipated by Silk damping, and they can leave an imprint on CMB through µ-distortions, imposing a restriction on normalization of ∼ M −1/2 tail of the PBH spectrum related to the bubble nucleation rate λ 10 −15 [47, 48] . However, this constraint relies on the assumption that expanding bubble walls interact with radiation and plasma. If the bubble expansion takes place during a matter-dominated phase, the constraint does not apply.
The broad and multi-step PBH spectrum shape of Eq. (7) allows to naturally explain an extensive range of phenomena simultaneously within a single model, which cannot be accomplished with spectrum of Eq. Furthermore, HSC microselensing observations of Andromeda galaxy (M31) [49] reported a candidate event consistent with PBH at f (M ∼ 10 −9 M ) ∼ 10 −2 . It has been suggested in Ref. [48] that a broad PBH spectrum from vacuum bubbles of Eq. (5) can accommodate this as well as DM.
Given the exciting possibility that all of these phenomena might be explained by PBHs produced from bubble nucleation, it is important to explore the discovery range of HSC. We studied the HSC reach numerically, and we find that upcoming observations of HSC will allow to fully test vacuum bubbles as the primary source of PBH DM. Furthermore, HSC will be able to probe the intriguing scenario represented by Eq. (7) that can simultaneously explain LIGO events and SMBH seeds, while PBHs from vacuum bubbles constitute all of the DM.
We employ results from HSC Monte Carlo simulations as well as their analysis tools, outlined in Ref. [49] , to perform a fit of PBH mass-spectrum to the expected number of observed microlensing events
where (Ω PBH /Ω DM ) = f PBH is the mass fraction of DM in the form of PBH, dN event /d log(t FWHM ) is the expected differential number of PBH microlensing events per logarithmic interval of the fullwidth-at-half-maximum (FWHM) microlensing timescale t FWHM for a single star in M31, dN s /dm r is the luminosity function of source stars in the photometric r-band magnitude range [m r , r + dm r ], (t FWHM , m r ) is the detection efficiency quantifying the probability that a microlensing event for a star with magnitude m r and the light curve timescale t FWHM is detected by HSC event selection procedures and the PBH mass spectrum f (M ) is normalized to satisfy We first analyze compatibility of the broad PBH spectrum described by f (M ) with observed single candidate event by HSC after 7 hours of data collection. The normalization of bubble nucleation rate λ consistent with ∼ M −1/2 slope resulting in a single HSC event is shown on Fig. 3 , along with relevant constraints. Since the integration is over the full HSC sensitivity range, and the PBH spectrum is not monochromatic, the allowed spectrum normalization does not reach the actual HSC bound and is visibly lower. With the peak of the slope located in the open parameter space window, the tail of the PBHs distribution is naturally consistent with HSC candidate observation for the mass function normalized to DM density.
To explore the HSC reach to fully probe PBH DM from vacuum bubbles we estimate the required time for upcoming HSC observations to start seeing events. The results are displayed in Fig. 3 . For the general model with the choice of parameters that can simultaneously explain all of the DM, LIGO events and SMBHs, we find that HSC already started to probe this scenario, and new detections can be expected with only 2.7 hours of observations. Based on Poisson statistics, a single HSC can-didate event found after 7 hours of observation is still compatible with this scenario at ∼ 19% level. With only ∼ 19 hours of total exposure, HSC will be able to test this intriguing scenario at a 3-σ level (99% CL).
The HSC reach for the most pessimistic realization of the vacuum bubble PBH DM scenario, corresponding to normalization with the lowest possible nucleation rate λ, is also impressive. We find that with only 29 hours of additional observations, HSC should start detecting events and will be able to test all models from vacuum bubbles as the primary source of PBH dark matter. A factor of ∼ 5−10 more exposure time will allow to discover or rule out this model for PBH DM at a 3-σ level.
Another promising microlensing observatory will be the Large Synoptic Survey Telescope (LSST) 2 , which is expected to start its full science operation in 2022. If LSST carries out a microlensing survey towards the Galactic Center that is accessible from the LSST site in Chile, it would easily test the PBH scenario, thanks to its large mirror aperture, wide field-of-view, higher detector sensitivity, and the expected superb image quality that allow for a simultaneous monitoring observation of many stars at one time, just as the Subaru HSC does for M31 (see also Ref. [72] for a similar discussion). An optimal cadence strategy needs to be explored in order to maximize science outputs of microlensing observations to constrain the abundance of not only PBHs, but of astrophysical compact objects (neutron stars and black holes) as well [73] .
In conclusion, we have presented a general scenario of PBH formation from vacuum bubbles and discussed its intriguing realization that can naturally account for all of the dark matter, observed LIGO events as well as [Left] Allowed normalization range for PBH produced from vacuum bubbles, assuming that PBH account for all DM, and consistent with one observed candidate event in the data from 7 hours of Subaru HSC microlensing observations [49] . The HSC constraint (shaded blue) takes into account the updated finite-source size effects [44, 67] . Thick purple line represents best fit and the band corresponds to 95% confidence level (CL) interval.
[Right] Solid green line shows the sensitivity reach of upcoming HSC observations to probe the most pessimistic scenario, corresponding to the lowest possible normalization and M * ∼ 10 16 g, for which PBH can still account for all of the DM. Dashed line corresponds to the more general model in which PBHs can also account for LIGO observations [29] as well as seeds of super-massive black holes. The orange dashed line and the orange solid line show the HSC reach for observing one event in the most unfavorable case (solid green) in 2 hours or 29 hours of observations, respectively. Constraints from extragalactic γ-rays from BH evaporation [68] , microlensing Kepler data [69] , MACHO/EROS/ OGLE microlensing [70] , and the accretion effects on the CMB observables [71] are also displayed.
seeds of super-massive black holes within a single model. While PBH DM with masses in the open parameter space window is difficult to test, the tail of the distribution extending to larger masses makes it possible to probe this exciting possibility with HSC. We used detailed numerical tools to show that upcoming HSC observations, as well as the future observations with LSST, will allow to definitively test the general PBH formation scenario from vacuum bubbles as the primary source of DM. The work of A.K., V.T. and E.V. was supported by the U.S. Department of Energy (DOE) Grant No. DE-SC0009937. A.K. was also supported by the World Premier International Research Center Initiative (WPI), MEXT, Japan. This research was also supported in part by the National Science Foundation under Grant No. NSF PHY-1748958. This work was supported in part by JSPS KAKENHI Grant Numbers JP15H03654, JP15H05887, JP15H05888, JP15H05893, JP15H05896, JP15K21733, and JP19H00677.
